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Abstract. Remotesensingandin-situobservationsshowthat
solar wind ions are often hotter than electrons, and the heavy
ions ﬂow faster than the protons by up to an Alfv´ en speed.
Turbulent spectrum of Alfv´ enic ﬂuctuations and shocks were
detected in solar wind plasma. Cross-ﬁeld inhomogeneities
in the corona were observed to extend to several tens of so-
lar radii from the Sun. The acceleration and heating of solar
wind plasma is studied via 1-D and 2-D hybrid simulations.
The models describe the kinetics of protons and heavy ions,
and electrons are treated as neutralizing ﬂuid.The expansion
of the solar wind is considered in 1-D hybrid model. A spec-
trum of Alfv´ enic ﬂuctuations is injected at the computational
boundary, produced by differential streaming instability, or
initial ion temperature anisotropy, and the parametric depen-
dence of the perpendicular heating of H+-He++ solar wind
plasma is studied. It is found that He++ ions are heated efﬁ-
ciently by the Alfv´ enic wave spectrum below the proton gy-
roperiod.
Keywords. Interplanetary physics (Solar wind plasma) –
Space plasma physics (Kinetic and MHD theory; Numeri-
cal simulation studies)
1 Introduction
The solar wind plasma plays a major role in the physical con-
nection between the Sun and the Earth. However, despite re-
centadvancesinobservationsandmodelingtheexactphysics
of the heating and the acceleration of the solar wind plasma
is poorly understood. The spectrum of magnetic ﬂuctuations,
composition, and the kinetic properties of protons and ions
provide clues on these processes. So far the properties of
the solar wind have been observed by remote sensing within
<0.3AU, and measured in-situ from 0.3AU outward in the
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Heliosphere. The exact velocity distribution of solar wind
protons and heavier ions, and the magnetic ﬁeld ﬂuctuations
close to the Sun in the solar wind acceleration region are
not well known. In the future, missions like NASA’s Solar
Probe+ and ESA’s Solar Orbiter will provide measurements
inside this distance, that will likely improve our understand-
ing of solar wind acceleration.
The temperature anisotropy of protons deduced from re-
mote sensing observations in coronal holes and in-situ mea-
surements of fast solar wind streams at distances >0.3AU
provide indirect evidence for the presence of the ion-
cyclotron waves in coronal plasma, since the anisotropy is
a signature of resonant absorption of these waves leading to
perpendicular(totheambientmagneticﬁeld)heating. SOHO
Ultraviolet Coronagraph Spectrometer (UVCS) observations
show that heavy ions such as O5+, and Mg9+ have experi-
enced preferential perpendicular heating, are hotter and ﬂow
faster in coronal holes than protons (Kohl et al., 1997; Li
et al., 1998; Cranmer et al., 1999). Purely adiabatic expan-
sion of the solar plasma is expected to result in decrease
of perpendicular temperate, contrary to observations (e.g.
Marsch et al., 1982; Gazis and Lazarus, 1982). Observa-
tions of Alfv´ enic ﬂuctuations in the solar wind by Helios,
Ulysses, ACE, and Wind spacecraft show that these ﬂuctua-
tions follow power laws of f −1 and f −5/3 (where f is the
frequency), with steeper spectrum at frequencies close to or
beyond the proton gyroresonant frequency (Goldstein et al.,
1995; Leamon et al., 1998; Podesta et al., 2006; Smith et al.,
2006; Vasquez et al., 2007). The above power law indices
are typical of self-organized criticality (e.g. Freeman et al.,
2000) and turbulence (Kolmogorov, 1941), respectively.
Wave heating of the solar wind was considered in the past,
and numerical models of solar wind heating by resonant and
nonresonat waves have been developed (see the review by
Ofman, 2010b). Theoretical studies of ion-cyclotron reso-
nance have been developed and applied to the heating of the
solar corona and the solar wind (Marsch et al., 1982; Ax-
ford and McKenzie, 1992; Tu and Marsch, 1997; Li et al.,
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1999; Hollweg, 2000; Hu et al., 2000; Cranmer, 2000; Holl-
weg and Isenberg, 2002). However, there are theoretical
difﬁculties with the application of the ion-cyclotron mech-
anism for coronal heating, and its role is not yet fully under-
stood (Ofman and Davila, 1997; Cranmer, 2000; Isenberg,
2004). The limitation of the ﬂuid or linear kinetic models is
the assumption of ﬁxed-shape ion velocity distribution and
in quasi-linear theory the distribution changes are assumed
within quasi-linear limits. In the hybrid models the electrons
are treated as a ﬂuid, and the ions are treated fully kinetically
as particles, while the self-consistent ﬁelds are obtained on a
ﬁnite grid. Thus, the above limitations are removed in hybrid
models allowing fully nonlinear evolution of the ion velocity
distributions and the corresponding ﬁelds and waves. The re-
sults of the models can be compared to observed velocity dis-
tributions and magnetic ﬁeld ﬂuctuations when they become
available in the solar wind acceleration region, for example,
from the planned NASA’s Solar Probe+ mission (McComas
et al., 2008).
Hybrid simulations allow relaxing many approximations
used in the ﬂuid, multi-ﬂuid, and in linear or quasi-linear
kinetic theory and can represent more completely and self-
consistently the wave-particle interactions in the multi-ion
solar wind magnetized plasma than previous analytical mod-
els. These models have been used successfully to study the
nonlinear interactions between a spectrum of waves, beams,
and ions in solar wind plasma and the resulting anisotropic
heating (Gary et al., 2001, 2003; Ofman et al., 2001, 2002,
2005; Xie et al., 2004; Ofman and Vi˜ nas, 2007; Ofman,
2010a). The effects of solar wind expansion of the evolu-
tion of the wave-particles interactions and on the heating was
also studied (Liewer et al., 2001; Hellinger et al., 2003, 2005;
Hellinger and Tr´ avn´ ıˇ cek, 2008).
Recently, Ofman (2010a) reported the results of paramet-
ric studies of 2-D hybrid models of inhomogeneous solar
wind plasma heating by a spectrum of Alfv´ enic ﬂuctuations.
The results of that study were motivated by future Solar
Probe+ mission that will investigate solar wind proton and
He++ components near the Sun at about 10 solar radii (Mc-
Comasetal.,2008). Inthis region thesolarwindplasma den-
sity is inhomogeneous due to quasi-steady structures (com-
pared to kinetic time scales) as evident from SOHO/LASCO
observations (e.g., DeForest et al., 2001). In Ofman (2010a)
study, itwasfoundthatthemagneticﬂuctuationspowerspec-
trum steepens in regions of higher density and higher heating
rate, while in lower density regions the spectral index is close
to −5/3. The higher heating results due to Alfv´ en wave re-
fractionbythedensityinhomogeneityandformationofsmall
scales facilitating dissipation. Here, we describe some recent
results of 2-D hybrid models of inhomogeneous solar wind
plasma heated by a spectrum of resonant waves, and the re-
sults of 1-D hybrid model that considers the effect of expan-
sion on the evolution of the plasma temperature anisotropy
and the p-He++ relative drift.
2 Hybrid model of solar wind plasma
Hybrid codes represent ions numerically as particles and
electrons as a ﬂuid, and so require relatively modest com-
putational resources by comparison with full particle-in-cell
codes that represent both ions and electrons as particles,
since electron kinetics, spatial scales, and time-scales are
neglected (e.g. Winske and Omidi, 1993). The trade-off is
that hybrid codes only represent plasma phenomena with fre-
quencies near or below the proton cyclotron frequency. But
this is precisely the regime of interest for solar wind acceler-
ation problems where the momentum is carried by the ions.
The hybrid model allows one to resolve the ion dynamics and
to integrate the equations over many ion-cyclotron periods,
while neglecting the small temporal- and spatial scales of the
electron kinetic motions. The ﬁeld equations are solved on a
ﬁnite grid, using the currents and charge densities produced
by the particles in the grid. In a typical calculation the three
components of order million particle velocities are used to
calculate the currents, and the ﬁelds in the 2-D grid. For ex-
ample, in Ofman and Vi˜ nas (2007) study 128×128 grid with
100 particles/cell/species were used. Note, that each numer-
ical particle represents large number of real particles, deter-
mined by the density normalization. The required number
of particles per cell is determined by the required limitation
on the overall statistical noise. The following equations of
motion are solved for each particle of all species (k):
dxk
dt
= vk (1)
mk
dvk
dt
= Zke

E+
vk×B
c

(2)
where mk is the particles mass, Zk is the charge number, e
is the electron charge, and c is the speed of light. The elec-
tron momentum equation is solved by neglecting the electron
inertia
∂
∂t
nemeve =0=−ene

E+
ve×B
c

−∇pe, (3)
where the scalar electron pressure pe = kBneTe is used
for closure, and quasi-neutrality implies ne = np + Zini,
where nk is the number density of electron, protons, and
ions, respectively, and Te is the electron temperature. The
above equations are supplemented with Maxwell’s equa-
tions, namely, ∇ ×B = 4π
c J, and ∇ ×E =−1
c
∂B
∂t for self-
consistency. The ﬁeld solutions are obtained on a 2-D grid,
and the proton and ion equations of motions are advanced in
time as the particle motions respond to the ﬁelds at each time
step. The method has been tested and used successfully in
many studies. The particle and ﬁeld equations are integrated
in time using the Rational Runge-Kutta method (Wambecq,
1978) whereas the spatial derivatives are calculated by pseu-
dospectral FFT method. The hybrid model allows computing
the self consistent evolution of the velocity distribution of
the ions that includes the nonlinear effects of wave-particle
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interactions without additional assumptions. Moreover, the
hybrid model is well suited to describe the nonlinear satu-
rated state of the plasma.
The hybrid code is a robust, well-documented simulation
tool which has been used to study various electromagnetic
ion instabilities (McKean et al., 1994; Gary et al., 1997;
Daughton et al., 1999; Gary et al., 2000, 2001, 2003; Of-
man et al., 2001; Xie et al., 2004; Ofman and Vi˜ nas, 2007;
Ofman, 2010a). Both 1-D and 2-D hybrid codes solve for the
full three components of velocity for the ions; the critical dif-
ference between the two types of codes is in the dimension-
ality of the magnetic ﬁeld ﬂuctuation solver. Comparisons
between one- and two-dimensional hybrid simulations often
show qualitative agreement in the ion response (Winske and
Quest, 1986; Ofman and Vi˜ nas, 2007). But 1-D simulation
is limited to a discrete number of modes which propagate in
a single direction with respect to the background magnetic
ﬁeld, whereas 2-D simulations represent ﬂuctuations propa-
gating across a plane with an arbitrary angle with respect to
the background magnetic ﬁeld, which can more realistically
represent observations. In addition 2-D codes allow investi-
gating inhomogeneous background ﬁeld, and density struc-
ture. Thus, waves propagating obliquely to the direction of
the background ﬁeld can be incorporated in the 2-D hybrid
model self-consistently.
2.1 Expanding box model
The basic equations for the simulation code with expansion
have been derived by Grappin and Velli (1996) for an MHD
ﬂuid code and Liewer et al. (2001) for a hybrid code. Fol-
lowing Liewer et al. (2001) work, the particle position up-
dates according to Eq. (16) of their paper. The updates for
the particle velocities have additional terms, which follow
Eq. (17) in that paper. The magnetic ﬁeld updates follows
from Eqs. (5b) and (5f) of Grappin and Velli (1996), but with
the ﬂow velocity and density of the ions obtained by mo-
ments over the particles of the hybrid simulation. The ex-
panding box equations are obtained with the transformation
R(t)=R0+U0t, (4)
where R(t) is the time dependent position of a parcel of
plasma in the solar wind propagating from R0 at a constant
velocity U0. The dimensionless quantity
a(t)=R(t)/R0 =1+
U0
R0
t, (5)
and a Galilean transformation v0 =v−U0. Assuming “slow”
expansion we deﬁne the small quantity  =
U0
R0t 1, neglect-
ing terms of O(2). Thus the coordinates are transformed to
a moving frame as follows:
x =x0+R, y =ay0, z=az0. (6)
Note, that the x-coordinate undergoes Galilean transforma-
tion, while the y- and z-coordinates undergo stretching. Us-
ing the above transformation we can write the time and space
derivatives in terms of the primed coordinates and transform
the equations to be solved in the hybrid code
dv
dt
=
dv0
dt0 +
U0
R0
P·v0, (7)
where
P=


0 0 0
0 1 0
0 0 1

, (8)
and where to calculate v0 we have used
dx0
dt
=v0
x,
dy0
dt
=
1
a
v0
y,
dz0
dt
=
1
a
v0
z, (9)
and for the magnetic ﬁeld
∂B0
∂t0 +B0(∇0·U0
i)−(B0·∇0)U0
i +(U0
i ·∇0)B0 (10)
+
c
4πene
∇0×

(∇0×B0)×B0
=
=−
2U0
R0
B0
x ˆ x−
U0
R0
B0
y ˆ y−
U0
R0
B0
zˆ z,
where the transformed ion bulk velocity is U0
i =Ui−U0, and
the electric ﬁeld in the moving frame is
E0 = −
1
c
U0
i ×B0+
1
4πene
(∇0×B0)×B0 (11)
−
1
en
∇0(nekBTe),
Note, that by using vector potential A, where B = ∇ ×A,
Eq. (20) of Liewer et al. (2001) is recovered. The above
equations are implemented in our 1-D hybrid code. In this
code, all three components of velocities and ﬁelds are main-
tained, but the derivatives with respect to y0 and z0 are zero.
3 Numerical results
Detailed parametric studies of inhomogeneous plasma heat-
ing are described in recent study by Ofman (2010a). The
results of 2-D hybrid model of inhomogeneous plasma heat-
ing for a different (Gaussian) inhomogeneous background
are described in Sect. 3.1. The ﬁrst results with our 1-D ex-
panding box hybrid model are presented in Sect. 3.2.
3.1 Inhomogeneous plasma results
Motivated by planned missions to the inner heliosphere, such
as the Solar Probe+ (McComas et al., 2008) we study the ef-
fect of solar wind density inhomogeneity across the magnetic
ﬁeld. Observations show (e.g., DeForest et al., 2001) that at
about 10 solar radii (the perihelion of Solar Probe+) there
are quasi-steady density structures extending from the solar
corona, persistent on time scales much longer than consid-
ered here. These structures can affect the dissipation of the
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Fig. 1. The initial spatial distributions of protons (left panel) and
He++ ions (right panel) in the inhomogeneous 2-D hybrid model.
Alfv´ enic ﬂuctuations propagating in the solar wind. In order
to study the effects of an inhomogeneous proton and He++
ion density the 2-D hybrid model computations are initialize
with the following expression in (see, Ofman, 2010a):
nk(x)=n0,k

1+n0me
−

x−x0
w
q
, (12)
where x0 is the location of the central symmetry axis, n0m
is the amplitude of the inhomogeneity (in Ofman, 2010a,
study the values of n0m were in the range 0−4, where
n0m = 0 corresponds to homogeneous plasma; here we use
n0m =2), w =38.41 determines the width of the high den-
sity region, where 1 = c/ωpp is the proton inertia length,
and ωpp =(4πnpe2/mp)1/2 is the proton plasma frequency,
k is the index for protons, and He++ ions, and q is the power
that determines the sharpness of the transition between the
low and high density region. As in Ofman (2010a) the size
of the grid is 1921 in each direction, and the resolution is
128×128 with 127 particles per cell of each species. In Of-
man (2010a) the value q =6 was used, and detailed descrip-
tion of the boundary conditions, the method for the genera-
tion of the driving Alfv´ enic ﬂuctuations, and the method of
solution with the numerical parameters are described. Here,
we use the same method to study the effects of less-sharp
Gaussian inhomogeneity (q = 2) on plasma heating. The
two-dimensional spatial distribution of the proton and He++
ions density and the corresponding Gaussian density proﬁle
are shown in Fig. 1. The protons number density is 0.9 and
the He++ ion density is 0.05 in units of electron density. The
electron thermal to magnetic pressure ratio βe = 0.02, and
the initial proton and ion βp =βi =0.04.
A spectrum of circularly-polarized Alfv´ enic ﬂuctuations
with amplitude Bz0 =0.04 and f −1 frequency dependence in
a frequency band below the proton gyrofrequency p = eB
mpc
was driven continuously at y =0 boundary. In the model the
spectrum spans frequencies below the protons gyroresonat
frequency but includes the He++ ion resonant frequency that
is 0.5p. From linear theory (e.g. Gary, 1993), the reso-
nance condition for left-hand polarized parallel propagating
ion-cyclotron waves is ω−kkvk,i =i, where ω is the res-
onant frequency, kk is the parallel (to the background mag-
netic ﬁeld) wavenumber, vk,i is the ion parallel velocity, and
i = ZeB
Ampc is the ion gyrofrequency, where Z is the charge
number, and A is the mass number of the ions. Therefore,
the alpha particle distribution resonate with the input ﬂuc-
tuations spectrum, while the non-resonant protons are not
heated. There is no initial drift between the protons and
He++ ions in this case. As a result, the plasma is heated
in three stages in a nonlinear process (see Fig. 2): ﬁrst, the
He++ ions are heated by absorbing the resonant left hand
polarized part of the frequency ﬂuctuations spectrum. This
leads to the increase of He++ ion perpendicular temperature
and anisotropy to ∼ 7. As a result, the He++ ion distribu-
tion becomes unstable to ion-cyclotron instability (e.g., Gary
et al., 2001, 2003) and emit a spectrum of magnetic ﬂuctu-
ations while relaxing the anisotropy of He++ temperature.
The left hand circularly polarized part of the emitted spec-
trum that matches the proton resonant condition leads to pro-
ton heating. This results in increase of proton temperature
anisotropy to ∼ 1.2. Finally, both, protons and He++ ions
are heated in the parallel direction due to velocity-space dif-
fusion, resulting in decrease of the temperature anisotropy of
both particle species.
The inclusion of background density inhomogeneity leads
to the refraction of Alfv´ enic ﬂuctuations due to non-
uniformity of the local Alfv´ en speed. The refraction facil-
itates the formation of small scales in the inhomogeneous
and the higher density (lower Alfv´ en speed) regions. As a
result, the dissipation of the ﬂuctuations and the heating of
the plasma is more efﬁcient than in the homogeneous case.
This effect was demonstrated and investigated in detail in a
parametric study by Ofman (2010a). Here, by comparing the
results of the inhomogeneous case to the results of the ho-
mogeneous plasma (see Fig. 2) it is evident that the heating
is more efﬁcient in Gaussian inhomogeneous proﬁle then in
the homogeneous case. Parallel and perpendicular heating,
as well as the anisotropy of protons and He++ ions increases
to larger valued in the inhomogeneous case compared to ho-
mogeneous case.
The perpendicular velocity distribution of He++ ions is
shown at t =450−1
p in Fig. 3. The cut through the distribu-
tion at Vz =0 is shown in the lower panel of the ﬁgure. The
best-ﬁt Maxwellian velocity distribution is shown (dashes).
It is evident that the distribution is close to Maxwellian in
the core, with non-thermal tails at higher velocities. The tails
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Fig. 2. The left panels show the evolution of the anisotropy of He++ ions (top panel) and protons (lower panel). The right panels show the
corresponding evolution of the perpendicular (solid) and parallel (dot-dashes) kinetic energies of He++ ions and protons for the 2-D hybrid
model of plasma heating with Alfv´ enic ﬂuctuations spectrum. The thick curves are for the inhomogeneous plasma, Eq. (12), and the thin
curves are for homogeneous background density.
are the results of non-equilibrium heating process, and their
magnitude decreases at later times (∼1000−1
p , not shown)
as new equilibrium state is approached.
3.2 Expanding box model results
The linear (Vlasov) stability theory of anisotropic or drift-
ing plasma populations was discussed extensively in the past
(Gary, 1993, e.g.). The validity and applicability of the linear
stability analysis was tested with 1-D and 2-D hybrid mod-
els of two-ion plasma (Ofman et al., 2001, 2002; Gary et al.,
2001, 2003; Xie et al., 2004; Ofman and Vi˜ nas, 2007). It
was found that the threshold condition for instability of drift-
ing ion-proton plasma is the requirement that the drift ve-
locity is larger than the local Alfv´ en speed. The threshold of
ion-cyclotron instability of anisotropic population of ions ob-
tained from linear dispersion relation and veriﬁed by hybrid
modelsisthatthetemperatureanisotropyT⊥,i/Tk,i >S(βk,i)
exceeds a parameter dependent threshold, S(βk,i) > 1, de-
termined by the ratio of the parallel thermal and magnetic
pressure, βk,i (e.g. Gary and Lee, 1994; Ofman et al., 2001;
Gary et al., 2001; Xie et al., 2004). In this section we present
the results of expanding box 1-D hybrid model of homoge-
neous plasma for two cases: (1) initially anisotropic unsta-
ble He++ ion distribution, with isotropic proton distribution,
and without drift; (2) initially isotropic proton and He++ ion
distribution with super-Alfv´ enic drift.The above initial states
(calculated separately) are used as the sources of free energy
that produce the ion-cyclotron instability and waves in the
models. We compare the results of the two cases without
expansion to the expanding cases, thus, demonstrating the
effects of expansion on the evolution of the plasma heating.
The effect of solar wind expansion on the relaxation of
the temperature anisotropy, Tk,⊥/Tk,k, of protons and He++
ions in the three component plasma was studied. For this
purpose the 1-D hybrid expanding-box code was run with
initially isotropic protons (92%) and anisotropic He++ ions
(4%) with Ti,⊥/Ti,k = 10 at t = 0. In this model the ini-
tial βe = βp = βi = 0.05, and the ﬁeld solutions were ob-
tained in 1024 grid cells with cell size 0.1251, and with
160 particles per cell of each ion species. Two cases are
compared to non-expanding solutions ( =0):  =10−3, and
 =2×10−3. As in Liewer et al. (2001) the expansion rate
is about two orders of magnitude faster then the solar wind
expansion rate so that the evolution takes place on a short
time scale due to numerical limitations. In Fig. 4 the tem-
poral evolution of the temperature anisotropy Tk,⊥/Tk,k is
shown. It is evident that with expansions, the He++ ion tem-
perature anisotropy relaxes more rapidly than without ex-
pansion. The proton temperature also become anisotropic
due to expansion, with Tp,⊥/Tp,k < 1. Further decrease in
Tp,⊥/Tp,k can lead to ﬁre-hose instability at later times when
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Fig. 3. The perpendicular velocity distribution of He++ ions (top)
and the corresponding cut of the distribution at Vz =0 showing best
ﬁt Maxwellian distribution (dashes). The velocity is in units of the
Alfv´ en speed.
the threshold for marginal stability is reached (e.g Gary et al.,
1998). In the present study the solutions did not reach this
threshold in the modeled time (200−1
p ). Note, that the
He++ parallel temperature increases and perpendicular tem-
perature decreases rapidly leading to anisotropy decrease to
∼ 2 within ∼ 100−1
p consistent with the ion-cyclotron in-
stability marginally stable value (Gary et al., 2001). It is
evident that when expansion is present the He++ ion tem-
perature anisotropy continues to decrease gradually, below
the ion-cyclotron marginally stable value.
The effect of solar wind expansion is demonstrated on an
initially drifting populations of p-He++ ions in Fig. 5. The
initial drift velocity was Ux,drift =Ux,p−Ux,i =2 in units of
the Alfv´ en speed, above the threshold for beam instability (as
discussed above). As a result of the instability the magnetic
ﬂuctuations increase rapidly (within ∼ 100−1
p ) leading to
perpendicular heating of He++ ions to the marginally stable
temperature anisotropy of ∼2. Consequently, the drift veloc-
ity has decreased transferring the kinetic energy to (mostly)
Fig. 4. The temporal evolution of the temperature anisotropy for
protons (solid) and He++ ions (dashes) obtained with the 1-D ex-
panding box hybrid model for initially anisotropic He++ temper-
ature. The thin curves show the temporal evolution without ex-
pansion ( =0), the thicker curves are for  =10−3, and the thick
curves are for  =2×10−3.
perpendicular heating. The effect of the expansion on this
process is evident by comparing the results for  =0, 10−3,
2×10−3. The solar wind expansion leads to the decrease
of proton and He++ perpendicular temperatures, and con-
sequently to the decrease of the anisotropy. The magnetic
ﬂuctuations increase somewhat, and the drift decreases to a
lower level when expansion is present.
4 Conclusions
The heating of the solar wind plasma by Alfv´ enic ﬂuctua-
tions spectrum is investigated with 1-D and 2-D hybrid mod-
els. The effects of inhomogeneity on the heating is consid-
ered in a 2-D hybrid model. Here, the Gaussian density in-
homogeneity is considered, extending previous studies. In
previous studies it was shown that inhomogeneity leads to
more efﬁcient plasma heating compared to the homogeneous
case due to refraction of the input Alfv´ en waves in the in-
homogeneous layer and formation of small scales, facilitat-
ing more efﬁcient heating than in the homogeneous case.
Here, this is conﬁrmed further using the Gaussian inhomo-
geneous density proﬁle. It is found that the plasma heating
by a spectrum of Alfv´ enic ﬂuctuations occurs in three non-
linear stages. First, the He++ ions are heated by the res-
onating left-hand circularly polarized waves increasing their
perpendicular temperature, next the protons are heated by the
waves produced by the relaxation of the He++ temperature
anisotropy through ion cyclotron instability and resonance
with the waves emitted by the He++ ion population. Finally,
parallel heating occurs in both ion species due to velocity
space diffusion resulting in the decrease of their anisotropy.
The 2-D hybrid model results demonstrate the three stage
plasma heating, that can take place when the magnetic ﬂuc-
tuations spectrum has most of its power below the proton
gyroresonance. This scenario is likely to occur in solar
wind plasma, since observation indicate that the solar wind
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(a)
(b)
(c)
Fig. 5. The temporal evolution of the temperature anisotropy for
protons (solid) and He++ ions (dashes) obtained with the 1-D ex-
panding box hybrid model for an initially drifting p-He++ popula-
tion with Ux,drift =2 (in units of the Alfv´ en speed). (a) The temper-
ature anisotropies. (b) The magnetic ﬂuctuations (arbitrary units).
(c) The p-He++ drift velocity. The thin curves show the tempo-
ral evolution without expansion ( =0), the thicker curves are for
 =10−3, and the thick curves are for  =2×10−3. The time is in
units of −1
p .
magneticﬂuctuationshavemostoftheirpowerinfrequencies
below the proton gyroresonant frequency (e.g. Smith et al.,
2006). Note, that in the 2-D hybrid model the scattering rate
of the ions is somewhat faster than in the 1-D model due
to the additional degree of freedom allowing oblique wave
propagation.
The solar solar wind expansion is implemented in 1-D
hybrid model and the expanding-box equations are solved
for two heating scenarios in homogeneous plasma. In the
ﬁrst case effect of solar wind expansion is considered on ini-
tially unstable He++ population with temperature anisotropy
above the stability threshold. In the second case (calculated
separately), theeffectofexpansionisconsideredonadrifting
p-He++ plasma population with initial super-Alfv´ enic rela-
tive drift above the stability threshold. It is found in both
cases that the expansion contributes to perpendicular cool-
ing of the ions, and to faster relaxation of the initial He++
anisotropy compared to non-expanding plasma. This is ev-
ident in Figs. 4–5 by comparing the expanding and non ex-
panding evolution. The relaxation of the drift instability oc-
curs somewhat faster and the decrease of the drift velocity is
more pronounced in an expanding solar wind plasma com-
pared to the non-expanding case. The perpendicular cooling
of protons can lead eventually to ﬁre-hose instability at much
later times (left for a future study) when the perpendicular
temperature falls signiﬁcant below the parallel temperature
and threshold for instability is reached (see, e.g. Gary et al.,
1998; Hellinger and Tr´ avn´ ıˇ cek, 2008). Since in-situ observa-
tions at 0.3–1AU show that usually Ti⊥ >Tik (e.g. Marsch,
1991) strongly suggest that perpendicular heating of the pro-
tons and ions takes place continuously, countering the effects
of expansion as the solar wind plasma propagates into the he-
liosphere.
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